Picoplankton, both autotrophic (APP) 
INTRODUCTION
Since the 50s, Alpine lakes have been looked on as special "lab-like" systems in which to study the biology and ecology of plankton in extreme conditions of light and temperature (Tonolli 1949; Tonolli 1954; Tilzer 1973) . The organisms living there acquired adaptation mechanisms to exploit to the maximum the few ice-free months and to survive during the long ice-cover period (Tilzer & Schwarz 1976) . Conventional limnological studies (Giussani et al. 1986; Mosello et al. 1993 ) on zooplankton (de Bernardi et al. 1983; Cammarano & Manca 1997) , phytoplankton (Pechlaner 1971; Capblancq & Laville 1983; Pugnetti & Bettinetti 1995) , hydrochemistry and paleolimnology (Mosello 1984; Psenner 1989; Guilizzoni et al. 1996) have been performed up to now in various high mountain lakes in the Alps. In the 80s the process of acidification, which occurred in many areas of northern Europe, also affected some lakes in the Italian Alps (Mosello 1986 ). International Projects like AL:PE "Acidification of mountain Lakes: Palaeolimnology and Ecology" (Wathne 1992 ) and more recently MOLAR "MOuntain LAkes Research" (Patrick et al. 1998 ) supported studies on some lakes which were sensitive to environmental changes, to measure their dynamic response. With the purpose of constructing a seasonal model of carbon flux in the pelagic zone of acidified mountain lakes, the study of microbial food web assemblages has been proposed as a fundamental support to classical limnological studies. Microbial components must in fact be incorporated into any model on the pelagic food web, as their key role is now widely accepted (Azam et al. 1983) . In this context a research was planned to study the microbial loop and organic carbon in various acidified lakes in Europe. Lake Paione Superiore (LPS), a small glacial lake in the Central Italian Alps, was selected as one of these experimental sites. Our study on LPS was mainly concerned with the seasonal dynamics of picoplankton, both autotrophic (APP) and heterotrophic (HPP), ciliates and heterotrophic nanoflagellates (HNF) and both dissolved and particulate organic carbon.
MATERIAL AND METHODS
Organic carbon and microbial assemblages were studied from July 1996 to December 1998 in Lake Paione Superiore (LPS), an oligotrophic glacial lake at an altitude of 2269 m in the Bognanco Valley (Pennine Alps, Italy) (Bianchini 1952) . The lake area is 0.014 km 2 and its maximum depth 11.7 m. Chemical studies (Mosello et al. 1993) have shown that LPS is poorly buffered by carbonates, with pH 5.6 (1993 average), due mainly to atmospheric deposition. In 1997 and 1998 pH increased slightly to 5.7 under the ice and 6.0 in the ice free periods. The lake is ice-covered for around 8 months. In the studied period, there was a typical inverse thermal stratification under the ice with temperatures below 3 °C in the upper 9 m in May/June. Stratification occurred in August with a thermocline at 9 m in 1997 and 6 m in 1998; the maximum temperature was 14 °C. Full details of the main geographic, morphometric, chemical, physical and biological characteristics of Lake Paione Superiore, together with a description of the sampling station, can be found in Pugnetti & Bettinetti (1995) and Cammarano & Manca (1997) . Updated information regarding the evolution of the chemical variables can be found in this issue (The MOLAR Water Chemistry Group 1999) .
A total of 24 samplings were performed at the site of maximum depth, also during the ice-cover period. Two sampling depths were chosen: one meter under the surface in summer (under the ice-water interface in winter) (SUR) and one meter above the bottom (BOT). For fixing and counting bacteria or HPP (heterotrophic picoplankton), APP (autotrophic picoplankton), HNF (heterotrophic nanoflagellate), and ciliates the protocols by et al. (1999, this issue) were used. All the organisms were measured by image analysis and the biovolumes converted to carbon using convenient conversion factors (Straškrabová et al. 1999, this issue) . For ciliate taxonomy we followed the directions of the MOLAR working group, determining the genus and in some case the species (M. Macek, pers. com.). The exception was the staining of bacteria, which was done using Acridine Orange instead of DAPI and the use of Anopore filters instead of Nucleopore membranes of the same porosity (0.2 µm pore size).
For the organic carbon analyses, after filtering the water samples through a 126 µm mesh plankton net, the POC was concentrated by filtration on glass fiber filters (Whatman GF/C, 16 mm diameter) previously combusted at 500 °C for three hours. The filters were then dried at 60 °C for three hours. Duplicate POC analyses were carried out with a CHN analyser (ANA 1500, Carlo Erba) using the technique described by Bertoni (1978) . The coefficient of variation (CV%) for replicate estimations was <2%. The TOC was determined on 126 µm pre-filtered samples using a TOC Analyser (5000A, Shimadzu). At least 10 analyses per sample were made and the CV% was always ~1%.
RESULTS

Organic Carbon
In LPS, the total organic carbon (TOC) concentration measured after the removal of net plankton ranged from 0.26 to 1.77 mg C l -1 , (average: 1.02±0.39 mg C l -1 ). The TOC data sets of the Molar lakes (Strašk-rabová, pers. comm.) show that in about 50% of these water bodies TOC concentrations <1 mg C l -1 are found. The average concentration of dissolved organic carbon (DOC) was 0.89±0.39 mg C l -1 , with mean values of 0.78 and 0.99 mg C l -1 at SUR and BOT, respectively. The DOC concentrations of LPS were compared with those of other high altitude lakes (Tab. 1). LPS appears not to be an exception among these environments. It must be emphasized that a high DOC concentration was only measured in the permanently meromictic Lake Cadagno, which receives a supply of inorganic nutrients from underwater springs and hosts a large autotrophic bacteria population in the anoxic chemocline.
The average concentration of the particulate organic fraction (POC) was 0.21 and 0.27 mgC l -1 at SUR and BOT, respectively; these concentrations represent 21 and 26% of TOC. Nevertheless, the slight differences between SUR and BOT are not statistically significant.
In LPS most of the organic carbon is dissolved (av. 87%) and 78% of the particulate fraction is detritus. The contribution of microscopically recognizable organisms of the microbial loop to the total organic carbon pool of the lake is 3%, considering the mean of the three years, which never exceeds 25%. The seasonal pattern of TOC ( Fig. 1) , largely due to DOC concentration changes, might be the result of external input from the catchment and of active processes of DOC production-consumption. The ice-melt produces an increase of TOC concentration which subsequently declines in July/August (more evidently in SUR). In September the release of DOC during macrozooplankton feeding might be a source which causes the obesrved increase. In late summer a zooplankton community dominated by Daphnia was observed (Manca & Comoli 1999, this issue et al. 1997 This trend is not synchronous at SUR and BOT. Large TOC concentration gradients from the two layers appear occasionally with and without ice cover, although there is not a statistically significant TOC concentration difference between the two depths. 
Picoplankton (APP and HPP)
The cells in the size range from 0.2 to 2 µm which are referred to as picoplankton (Stockner & Antia 1986) were in this study counted and measured differentiating the autotrophic fraction (APP) from the heterotrophic fraction (HPP). This separation, which is now routinely performed thanks to the natural autofluorescence of APP and by the use of fluorocromes for HPP staining, was particularly important for the LPS samples. APP were in fact quite rare and, when found, they were composed mainly of eukaryotic cells; picocyanobacteria were almost absent. The numbers counted were so low (Fig. 2) as to let us consider this small fraction of the autotrophic population negligible. The mean abundance during the three years was 50 and 26 cell ml -1 at SUR and BOT respectively. Comparable low carbon values were calculated from the biovolumes, with a maximum of ~0.1 µg C l -1 (Fig. 2) . Synechococcus and Cyanobium (sensu Komárek 1996) were rarely found and a coccoid form >2 µm was sometimes observed (probably Chroococcus). Colonial forms like Merismopedia tenuissima, found in acidic-eutrophic Swedish lakes, (Blomqvist 1996) were similarly never encountered.
The heterotrophic component of picoplankton (HPP) was, on the other hand, the most important carbon reserve in the microbial loop of Lake Paione Superiore. Their percentages were 79% and 73% of the mean total carbon in the microbial loop (APP, HPP, HNF, ciliates) at SUR and BOT, respectively. Patterns of bacterial abundance were similar to those of biomass, expressed as carbon, for many of the months during the three years (Fig. 2) . The lowest densities (0.1×10 6 ml -1 ) were typically found in spring under the ice-cover and corresponded to low carbon concentrations (around 5 µg C l -1 ). In 1997 and 1998 the HPP increased in July-August, both as numbers (reaching nearly 1×10 6 l -1 ) and as biomass. The presence of large rods and filamentous forms resulted in high carbon values (63 and 58 µg C l -1 in August 1997).
Heterotrophic nanoflagellates (HNF)
Free-living, non pigmented flagellates showed a density range from 4×10 4 l -1 to 4×10 6 l -1 . An exceptionally high number of >3 µm cells was reached in July 1998 at BOT (17×10 6 l -1 ). In the ice-free period of 96 both the number and the carbon were low, and there was a progressive increase of numbers until 1998. From July 1997 to October 1998 the counting was performed differentiating between small cells (<3 µm) and large cells (>3 µm and never exceeding 10 µm); the results show (Fig. 3, upper panel) that under the ice-cover low numbers in both size classes are followed by an increase in size diversity and numbers during the ice-free periods. The smaller cells could be identified as Spumella-like chrysomonads (Patterson & Larsen 1991) . These cells are more numerous than the larger ones and decrease in August/ September. Carbon data under the ice reflect the prevalence of larger over small HNF, so that in December and February the carbon can be as high as 9 µg C l -1 due to the large cells (Fig. 3, lower panel) . It must be noted that in counting the >3 µm cells some errors may have been made, as the fluorescence of the mixotrophs was so weak that they could appear like true heterotrophs. In late summer 1998, near the bottom, the HNF carbon dropped from 43 to 3 µg C l -1 in 26 days. The HNF carbon declined at the same time as the occurrence of Daphnia, thus indicating a possible top-down control by this cladoceran of an important component of the microbial loop.
Ciliates
Thirteen genera or species of ciliates were identified in LPS (Tab. 2). Prostomatids were present for much of the year (Fig. 4) with at least 3 different species: Urotricha furcata, U. agilis and another not well-identified species (probably U. globosa). Their presence (range 16-8980 ind l -1 ) was observed at both depths and also under the ice. The peak of abundance was reached in August 97 near the bottom. On the same date but in SUR, Holophrya sp. had a simultaneous peak. The presence of two oligotrichs, Strombidium sp. and Pelagohalteria characterized the summer period, whereas Halteria grandinella was mainly found under the icecover (ranges: Strombidium 8-960 ind l -1 , Halteria 8-1950 ind l -1 ). Scuticociliates with Cinetochilum margaritaceum and Cyclidium sp. had their maximum under the ice (213 ind l -1 , near the bottom) and in summer (213 ind l -1 , August 98). In July 98 the presence of cysts (presumably of Halteria) must be noted. The biomass of planktonic ciliates varied temporally during the three years with a more pronounced pattern at BOT (Fig. 4) . Ciliate carbon (range 0.01-12.6 µg l -1 ) was dominated by oligotrichs and prostomatids; it increased in July/August, rapidly declined in September and remained fairly constant and low till the new ice break. At SUR in January and February an increase in carbon was mainly due to Halteria grandinella (1 µg C l -1 ).
Ice-cover and ice-free periods
The presence or the absence of the ice-cover in LPS seems to trigger generalized changes in the microbial loop and related variables. The overall organic carbon content of the organisms was, during the ice-cover period, about 50% less than in summer (from 28 to 11 µg C l -1 , considering all the data from 1996 to 1998). The data from the SUR and BOT samples were pooled together, as there was not a statistically significant difference between the carbon in the microbial food web at the two depths. The results showed that the structure of the microbial loop was different in the ice-cover and ice-free periods as the relative importance of HNF increased compared with that of bacteria, which yet remained the main carbon compartment (Tab. 3). On average the TOC decreased by 20% during the ice-cover, although there were large fluctuations. The relation of the variations in TOC with the presence of HPP was weak, since bacterial biomass under the ice did not increase with increasing TOC concentration (Fig. 5) . With the increase of temperature during the ice-free period, higher bacterial biomass was often found; on some occasions, bacterial carbon values were from two to five times higher than during winter, with substrate concentration as high as under the ice-cover (Fig. 5 ). As these occurrences were limited to the warmer period, they were probably the result of active bacterial production and the concurrent consumption of freshly produced labile substrate. 
DISCUSSION
During the three years, the TOC and the carbon calculated from microorganism biovolume revealed a different spatial and temporal distribution (Fig. 6) . The TOC concentration gradient along the water column suggests a change with time of the mechanisms of DOC formation in the two layers. Phytoplanktonic EOC production, which can be as high as 37% of total carbon fixation (Callieri & Bertoni, in prep.) , could account for the DOC concentration rise in SUR and BOT after the ice-melt. The increase in DOC measured in December near the surface could be related to the presence of a sizeable phytoplankton population observed under the ice-cover (Pugnetti & Bettinetti 1999, this issue) . There is evidence in sea-and fresh-waters (Strom et al. 1997; Markager et al. 1994 ) of grazer-associated DOC release, higher than the DOC excreted by algae, which could support bacterial production. Although DOC production by macrozooplankton is not shown by our data, the late summer DOC rise, coinciding with a peak of Daphnia biomass (Manca & Comoli 1999, this issue) , might be the effect of intense grazing activity, particularly evident in September 97, near the bottom. With dynamics of this intensity, capable of producing in LPS a sevenfold TOC concentration change from one season to the other, it is clear that in this lake the DOC is made up mainly of molecules easily utilizable by bacteria. It is a situation quite different from that of the humic lakes of Northern Europe or North America, which have a high background concentration of DOC mainly made up of refractory humic substances (Kullberg et al. 1993) . The labile DOC of LPS is probably not responsible for the low pH of the lake. Since the 80s acidic precipitation, rich in sulfate, nitrate and ammonium has been affecting the pH of the water, which is characterized by low alkalinity (Mosello et al. 1993) .
The particulate carbon of the micro-organisms of the microbial loop is 2% of TOC and increases to 3% if we include phytoplanktonic carbon in the estimate (data on phytoplankton from Pugnetti, pers. com.) . The dynamics of this relatively negligible "active carbon" does, however, affect the seasonal variation of the dissolved carbon pool.
Bacteria are the main contributors to the carbon pool of the microbial food web. This is a characteristic of oligotrophic mountain clear-water lakes sensitive to acidification (Straškrabová & Šimek 1993) . The large rods and filamentous forms present in early summer disappear after the increase of Daphnia in the lake. In Lake Constance a shift in the bacterial community towards smaller forms and single cells was reported as an effect of cladoceran grazing (Güde 1988 ). HPP in LPS are able to triplicate their carbon in one month (see August 1997, BOT) and this is in accordance with the leucine and thymidine estimates of microbial activity (Callieri & Bertoni, in prep.) from which around 1.4×10
6 cell l -1 h -1 were produced. In the oligotrophic LPS bacteria can outcompete phytoplankton and utilize the low P content, as has been demonstrated in laboratory experiments (Currie & Kalff 1984) . As a consequence, bacterial carbon in the ice-free period always exceeds phytoplankton carbon (Callieri et al. 1999, this issue) . Winter temperatures are unfavorable for bacterial growth, so that their densities are very low under the ice-cover.
The low importance of the autotrophic component of picoplankton, in contrast with the expected increase of small cells in nutrient limited environments (Stockner 1991) , could be the result of photoinhibition. The attenuation coefficient (k = 0.22) was typical of a clearwater lake, so that the pelagic organisms have low protection from PAR and UV irradiation. Picocyanobacteria appeared to be vulnerable if irradiated by UVB in semi-natural conditions .
Among protozoa, the heterotrophic nanoflagellates overtook the ciliates numerically also in 1996, when HNF appeared in low numbers. As regards biomass, an inverse significant correlation (P <0.05) between ciliates and HNF was found near the surface. This result is an indication of ciliate-flagellate interaction (Cleven 1996) . During the ice-cover period, the presence of HNF >3 µm coinciding with the mixotrophic peak (Pugnetti, pers. com) indicated that mixotrophic and heterotrophic species may occupy different niches. Studies on oligotrophic lakes (Berninger et al. 1992) showed that bacterivory by mixotrophs under the ice was not important. Under the ice-cover HNF may be the primary consumers of bacteria. Protozoa grazing activity measured in summer has shown that protozoa can exert an influence on the bacteria before the advent of Daphnia. The measurements of cell disappearance from protozoa grazing performed in LPS could explain a decrease of 4-20×10 6 bacteria l -1 h -1 , which is not negligible (Callieri & Bertoni, in prep.) . In eutrophic and oligomesotrophic lakes the impact of protozoa on the bacterial population is 58 to 18×10 6 bacteria l -1 h -1 in Rimov Reservoir and Lake Pavin, respectively (Šimek et al. 1997; Carrias et al. 1996) .
Ciliate community structure showed a succession from Strombidium and Pelagohalteria, present in summer, to Urotricha sp. and Halteria grandinella, common under the ice-cover. The bacterivorous oligotrichs were found only in the summer period because of their strict dependence on food items which decreased in winter. Their decline in September has to be related to Daphnia grazing, as for the other organisms of the microbial food web. The ciliate population under the ice was composed by smaller individuals (like U. agilis) so that the resulting carbon biomass was very low (0.2-0.3 µg C l -1 at 11 m). In Lake Redó similarly low ciliate carbon in winter was measured in the deepest part of the lake (Camarero & Felip, pers. com.) . Conversely, at 1 m in Lake Redó the ciliate carbon in winter was more than one order of magnitude higher than in LPS. This difference was mainly due to the absence of large mixotrophic ciliates in LPS during winter. In fact, Pelagohalteria and a mixotrophic Strombidium were only found in the ice-free period.
CONCLUSIONS
Few studies have analyzed the organic carbon and microbial assemblages in high mountain lakes for three successive years, including winter sampling under the ice. The present study is therefore unique, as we were able to assess the dynamics of the micro-organisms of the microbial food web of an extreme and simplified system. Lake Paione Superiore is oligotrophic (TN av. 400 µeq l -1 ; TP av. 2 µg l -1 ), acidic (pH range: 5.5-6.3) and has a maximum surface temperature of 14 °C. In addition, fish are absent so that metazooplankton are not top-down controlled. Further limnological data have revealed the presence of a sizeable Daphnia population in late summer and of mixotrophic flagellates as the prevalent phytoplankton species, also under the icecover. The oligotrophic conditions of the lake might favor the processes of nutrient recycling in the microbial food web (Stockner & Porter 1988) , but the presence of a keystone species like Daphnia may influence the pathways of carbon flow in the microbial components, leading to more efficient transfer of carbon.
The evidence we gathered from our study suggests an effect of the ice-cover on the quantity and quality of the organisms present in the water column. The increase in TOC, occurring in July near the surface, enhanced the number of bacteria eventually utilizing this substrate. At this depth protozoa are never able to control HPP population. Near the bottom the dynamics is different, as protozoa can substantially affect the bacterial population, at least till August/September when Daphnia begins to increase. During July, August and September we monitored a rapid succession of: DOC production by phytoplankton, removal of bacteria by protozoan grazing, clearance of bacteria and protozoa by Daphnia and new DOC production by sloppy feeding of zooplankton. Near the bottom, during daylight, activity is enhanced and the resulting standing crops increased. We consider this lake to be a unique natural laboratory in which to study the relationships between the component of the microbial loop and Daphnia.
